Abstract: Insufficient frequency regulation capability and system inertia reduction are common problems encountered in a power grid with high wind power penetration, mainly due to the reason that the rotor energy in doubly fed induction generators (DFIGs) is isolated by the grid side converters (GSCs), and also due to the randomness and intermittence of wind power which are not as stable as traditional thermal power sources. In this paper, the frequency inertia response control of a DFIG system under variable wind speeds was investigated. First, a DFIG system topology with rotor-side supercapacitor energy storage system (SCESS-DFIG) was introduced. Then a control strategy for frequency inertia response of SCESS-DFIG power grid under fluctuating wind speed was designed, with two extended state observers (ESOs) which estimate the mechanical power captured by the DFIG and the required inertia response power at the grid frequency drops, respectively. Based on one inconstant wind speed model and the SCESS-DFIG system model adopting the control strategy established, one power grid system consisting of three SCESS-DFIGs with different wind speed trends and a synchronous generator was simulated. The simulation results verified the effectiveness of the SCESS-DFIG system structure and the control strategy proposed.
Introduction
The basis of stable operation of a power grid system is that the balance between the power generation and the load consumption can be maintained in real time. With large-scale wind power grid-connected, the power grid frequency will be easily changed in cases of the source-network-load fluctuations or failures leading to the equilibrium destroy [1] [2] [3] . The main reason is, the doubly fed induction generator (DFIG) rotor speed maintains a coupling relationship with the wind speed, but it is independent of power grid frequency. As a result, it does not have the ability to respond naturally to the power grid frequency changes. While for a synchronous generator, the rotor speed will inherently vary with the grid frequency because of their directly coupling relationship, so the release (or absorption) of the rotor kinetic energy can damp the power grid frequency rapid changes. This has turned into an important problem that restricts the high penetration of wind power generation.
In order to solve the weak inertia response problem of DFIGs, many studies have been carried out and most of the literature has focused on control strategies for enhancing the inertia response ability of DFIGs at constant speeds. One study [4] clearly puts forward the concept that wind turbines participate in the power grid frequency adjustment by simulating the rotational inertia characteristic of a synchronous generator. Another study [5] deduced the relationship between the wind energy
Analysis of SCESS-DFIGs

Instantaneous Power Adjustment Principle of SCESS-DFIGs
The main choosing criteria for wind farm locations include the mean wind speed, the wind consistency and the predominant wind direction. There is no specific requirement for instantaneous wind speed changes, but which has great impacts on the wind turbine frequency responses and the grid stability. The relationship between the wind speed V wind and the generator speed can be expressed as
where R is the blade radius, λ is the tip speed ratio, the ω r is the electric angular velocity of the generator rotor, the p D is the pair number of the generator poles, and the N is the speed ratio between the turbines and the generator rotor. Equation (1) indicates that in the process of wind power generation, there is a coupling relationship between the rotor speed and the wind speed, and there is no direct coupling relationship between the rotor speed and the grid frequency. As shown in Figure 1 , when the power system frequency changes, DFIG rotor speed and system frequency are decoupled, so there is no damping effect for the power grid frequency changes. Due to the wind changes, there will be a disturbance power ∆P wind functioning on the DFIG and causing the rotor speed changes. In this situation, if traditional maximum power point tracking (MPPT) control is adopted, the rotor speed change will lead to the changes of output electric power P e . When the disturbance power has the same changing tendency as the power grid frequency, the underdamping effect will be caused, which will aggravate the power grid frequency changes and possibly destroy the stability of the power system. In order to increase the inertia response capability of wind turbines and to eliminate the power disturbance caused by the wind characteristics, and to provide stable and controllable inertia response power as thermal power generation when the power grid frequency changes, one SCESS-DFIG topology is proposed as shown in Figure 1 , which is used to study the frequency inertia response control strategy under the power grid frequency changes. The rotor-side back-to-back double-pulse-width modulation (PWM) converter is equipped with a DC boost/buck circuit and a supercapacitor energy storage device. Thus, the SCESS-DFIG output power will no longer be constrained strongly by wind speed like the traditional DFIGs. The SCESS-DFIG output power P SCESS_DFIG can be adjusted in a certain range by coordinating power controls, which provides a feasible channel for the inertia response control. Considering the short-time overload coefficient K overload of the GSC, the SCESS-DFIG output power range is
where
, ω s is the angular velocity of the power grid, ω re is Electric angular velocity of rotor rotation, ω m_min is the minimum value of rotor electric angular velocity.
Definition of SCESS-DFIG Inertia Considering Wind Speed Varing
In power systems, the inertia time constant H is generally used to designate the inertia influence on the dynamic behaviors for a grid-connected generator.
where E K represents the kinetic energy stored in the rotor of a synchronous generator at the rated speed, S N represents the rated power of the synchronous generator, J represents the moment of inertia, ω SG represents the rated speed of the synchronous generator (ω SG = ω grid , equal to the angular frequency of the power grid).
For the SCESS-DFIG system, the energy for the grid frequency inertia response mainly comes from the self-control of the wind turbine like pitch control, or comes from rotor kinetic energy releasing, or the energy stored in supercapacitors. In the process of the inertia response, wind speed variation will result the change of DFIG mechanical energy captured, and will affect its impact in the grid frequency inertia response. The mechanical power change of the wind turbine will lead to the imbalance between the DFIG input mechanical power and the output power. It is assumed that the inertia response time is t, then the power relationship (4) can be expressed as
where P e is the change of DFIG output electric power caused by the wind speed variation, ω r0 corresponds to the initial value of the rotor angular velocity, ω rt corresponds to the rotor angular velocity at the time t, J DFIG is the moment of inertia of the DFIG rotor, E wind_e is DFIG output energy variation, and ∆E ωr is DFIG rotor kinetic energy variation. According to the Equations (3) and (4), the equivalent inertia time constant H SD of the SCESS_DFIG system under variable wind speed can be obtained as
In Equation (5), E SCESS_DFIG is SCESS-DFIG inertia response energy, E SC is the inertia response energy provided by the supercapacitor energy storage, and E KR is SCESS-DFIG inertia response energy provided by rotor kinetic energy.
where J SD represents the virtual equivalent rotary inertia.
When the grid voltage angular frequency ω g changes, the output power of the SCESS_DFIG will vary as well, and the increment can be assumed as ∆P SD , and can be expressed as
where P SC is the inertia response power provided by the supercapacitor, ∆P KR is the instantaneous power obtained from or released by the rotor, and ∆P wind_e represents the output power difference of DFIG in the process of the inertia response, between the initial value and the value at the wind speed change, when the DFIG maintains the MPPT operating conditions. In order to evaluate the effect of wind speed variation on the inertia time H SD , the inertia response power provided by SCESS-DFIG rotor kinetic energy is not considered at first, that is, ∆E KR = 0 and ∆P KR = 0 are assumed. Equation (5) can be rewritten as
As shown in Figure 2 , the inertia time constant H SD will be affected by the DFIG output power changes caused the wind speed variations, with the supercapacitors providing different inertia response energies needed. The energy changes resulted by wind speed variations can be divided into three types: damping energy, overdamping energy, and underdamping energy. If the wind speed change makes the DFIG to damp the grid frequency change, it is beneficial to the inertia response control of the DFIG. By using this energy component appropriately, the energy utilization of the supercapacitor energy storage can be optimized in the inertia response process. If the damping energy is over large, the SCESS-DFIG inertia time constant H SD will be too large also, which is unfavorable to the stability of the system frequency. If the tendency of wind speed change is the same as that of the frequency change, the frequency change will be aggravated, which is also unfavorable to the stability of the system frequency. In order to alleviate the influence of wind speed changes on the inertia time constant H SD , it is necessary to use DFIG rotor kinetic energy or supercapacitor energy to neutralize the underdamping and overdamping energies in ∆P wind_e .
where J SD_s is the virtual equivalent rotary inertia of the SCESS-DFIG after the wind speed influence is suppressed, P SC_w is the supercapacitor power used to eliminate the effects of wind speed changes, and P KR_w is the power from the rotor kinetic energy, also used to eliminate the influence of wind speed changes. After the wind speed variation compensation, the inertia time constant H SD_s of SCESS_DFIG can be expressed as
where E SC_w is the energy provided by the supercapacitor to eliminate the influence of wind speed changes and E KR_w is the rotor kinetic energy to eliminate the influence of wind speed changes. The inertia constant of SCESS_DFIG, H SD_s , can be written as the following according to Equation (3)
By inserting Equation (11) into Equation (9), the ratio of SCESS_DFIG inertia response power to its rated capacity can be obtained, and its relationship with the inertia time constant and the change rate of power grid angular frequency can be expressed as
By summarizing the above equations, the inertia response power per-unit value ∆P pu can be expressed as a function of the inertia time constant H SD_s and the power grid angular velocity ω gpu in per-unit value. As the angular velocity per-unit value of the power grid is equal to the frequency per-unit value, the relationship can be obtained as (13) ∆P SD_s pu dt = 2H SD_s ω pu dω pu = 2H SD_s f gpu d f gpu ,
Equation (13) will be used to estimate the inertia response power in ESOs. In next section, the method of estimating the input mechanical power of the DFIG will be offered as the basis for the design of the SCESS-DFIC inertia response control strategy.
Application of ESO in SCESS-DFIG Inertia Response Control Strategy
The Principle of ESO
A system need to exchange information with the environment during its operation. Some state variable will be passed to the outside, and some information also needs to be collected from the outside. The external variables can reflect the system internal status. In dynamic processes, the external variables can be the system output variables which containing part of the state variable information and the external input variable or control input variable information. The device for determining the internal state variables of a system based on the observations of such external variables is called a state observer (SO) [20] .
The ESO is a kind of nonlinear observer which extends the total disturbance which affects the system output to a new state variable, and then estimates the state variables and the total disturbance of the system. The principle of the observer can be explained as the following:
Taking a class of uncertain nonlinear dynamic systems into account which can be expressed as
where x is the state variable, w (t) is the uncertain disturbance, t is the time, u is the control input, and b is the gain of control input. f (*) is a smoothing function of the state variable x and its derivatives .
x, x (2) · · · x (n−1) . It can be extended to higher dimensional state space and converted to a dynamic system with standard single input and single output.
In Equation (15), the state x n is an extended state that is augmented to quantify the influence of uncertain disturbances. In a single extended dynamical system, both the state variables and the disturbances well as their interactions can be investigated. So an ESO for Equation (15) can be constructed as
whereẑ j is the estimated value of the state x j (j = 1, 2, 3 . . . n − 1);ẑ n is the estimated value of the extended state x n ; the function β 0j |e 1 | 1 2 j−1 sign(e 1 ) is the nonlinear feedback of the system (j = 1, 2, 3 . . . n). In fact, it is unnecessary to assume that the function f x + .
x + x (2) · · · x (n−1) , w(t), t is continuous or discontinuous, known or unknown. As long as its real-time action x in the process is bounded and the parameter b is known, the appropriate parameter β 0j always can be chosen, so that the ESO can estimate the state of the state x j and the extended state x n in real time.
In this paper, for studying of SCESS-DFIG inertia response control strategy, ESOs are constructed to estimate the mechanical power of wind turbine and the inertia response power at grid frequency varying. Both of them are used on the basis of accurate first-order ESO estimations. So an additional description of the first-order ESO is given below.
For the following nonlinear uncertain first-order systems:
the new state variables are defined as
then the new state equation is
and an ESO can be constructed as
where the expression of function f al(e 1 , α, δ) is
SCESS-DFIG Mechanical Power Input Estimation Based on an ESO
The mechanical power of the rotor is an internal state, it cannot be sampled directly by using a sensor. There is a mathematical relationship between the rotor speed and the mechanical power of the wind turbine. However, during rotor speed measurement, interference factors such as acquisition noises will be introduced, so it is difficult to accurately obtain dω r /dt. At the same time, the acquisition of mechanical power cannot be reached by directly calculating the kinetic equation. In this paper, the purpose of the ESO is not to use dω r /dt, but to estimate the real-time state of the mechanical power input of the wind turbine based on the dynamic behavior of the generator. The estimated result is used as an input for the DFIG inertia response control.
P SD_m is the input mechanical power of the DFIG; P es is the DFIG stator output electric power; P DFIG_SCr is the power of the RSC; Dω 2 m is the mechanical power lost in the process of energy conversion. P es + P DFIG_SCr is as marked in Figure 1 . As the SCESS-DFIG GSC contains supercapacitor input power component, the power P es + P DFIG_SCr instead of P SCESS-DFIG is used in the Equation (22) .
As the equation is a nonlinear differential equation, it cannot be estimated directly by the ESO. However, dω r /dt and ω r can be transformed into one sole form by using dω r /dt to represent ω r .
Equation (23) can be rewritten as the first-order differential form of ω 2 m :
The power of the wind energy captured and the mechanical loss power are combined into P SD_M which is the input mechanical power of the SCESS-DFIG. Equation (24) can be organized as
In Equation (25), z 1 = ω 2 m , z 2 = P SD_M /J DFIG , input u 1 = P es + P DFIG_SCr , the input coefficient b 1 = −1/J DFIG , thus the following ESO can be constructed
The estimated values of P SD_M and ω 2 m areP SD_M andω 2 m respectively. By selecting the appropriate parameters of α 1 , δ 1 , β 01 , β 02 , the ESO can accurately estimate the input mechanical power of the generator. In the process of estimation, the main parameters of the ESO-A are J DFIG , ω m , P es and P DFIG_SCr . J DFIG is an intrinsic parameter of DFIG. ω m , P es , and P DFIG_SCr can be calculated simply by sensing the speed, voltage, and current. As shown in Figure 3 , the ESO is named as the ESO-A which is used to estimate the generator input mechanical power. The estimated value can also be invoked as a reference for generator output power control. 
Frequency Inertia Response Power Estimation of SCESS-DFIG Based on ESO
When the frequency of the power grid changes, the SCESS-DFIG needs to provide the inertia response power to damp the frequency change. In most literatures, no matter proportional-derivative (PD) control strategy or fuzzy control strategy were adopted, it is necessary to detect the power grid frequency f and the power grid frequency change rate df/dt.
In the sensing process of the voltage, noise interference is inevitable. So generally, a low pass filter is needed before the frequency change rate df/dt can be used, and the choice of time constant affects the df/dt filtering value seriously. An ESO can be designed to solve this problem. Figure 4 is comparison of PD control, fuzzy logic control and ESO result for power grid frequency inertia response (the parameters of PD control and the membership function of fuzzy control are given in Appendix B, Figures 2, A1 and A3, Table A3 ). Through the Equation (13), it can be found that the main control parameter of the ESO is df/dt, so it can better reflect the change of the rotor speed of the generator. When the change rate of the power grid frequency is negative, the rotor speed decreases and the power is released. When the power grid frequency rises, the rotor speed rises, absorbing the power. Traditional PD control has slow response and is susceptible to noise in the acquisition signal. The control continuity of fuzzy control is poor, and the choice of membership degree can be determined by long-term parameter detection. The ESO can be used to track the frequency change quickly, and the design is simple and easy to realize. Based on the discussion in Section 2.2, H SD_s can be considered as a fixed value. Then the Equation (13) can be rewritten as a nonlinear differential equation related to the grid frequency per-unit value. After further consolidation, we can get the state equation of the extended observer as
Equation (27) can still be rewritten as the standard first-order differential equation of the grid frequency per-uint square value f 2 pu as
Based on Equation (28), the extended state equation can be obtained as
In Equation (29), z 1 = f 2 pu , z 2 = P SD_spu /H SD_spu , the input u2 = 0, and the input coefficient b2 = −1/H SD_spu . Thus the following expansion SO can be constructed as
The estimated values of f 2 pu and ∆P SD_spu aref 2 pu and ∆P SD_spu . By selecting the appropriate parameters of α 2 , δ 2 , β 03 , β 04 , the ESO can accurately estimate the per-unit value of the inertia response power provided by SCESS-DFIG when the frequency changes. This ESO is named as the ESO-B. As shown in Figure 5 , the operational principle of ESO-B. When the frequency of the power grid is used as the input of the ESO-B, the value of the power required for the power gird frequency inertia response can be estimated. 
Parameter Selection of ESO
According to the literature [20] [21] [22] [23] , Equation (16) has another expression as shown in Equation (31).
For the nth-order system parameters α 1 = 1/2, α 2 = 1/2 2 , α 3 = 1/2 3 . . . . . . α n−1 = 1/2 n−1 . Therefore, the parameter α of the first order ESO-A and ESO-B is usually selected to be 0.5. As shown in Figure 6 , the estimated results of the ESO-A and the ESO-B are compared for different alpha given. We can find a better result when α = 0.5. The parameter δ is the filter factor, which is usually set to be larger than the sampling step for guaranteeing the filter performance. β 01 is mainly related to the effect of estimation of stateẑ 1 , β 02 is related to the effect of estimation of extended stateẑ 2 , β 0n−1 is related to the effect of estimation of extended stateẑ n−1 . Larger β 01 and β 02 usually result in a faster convergence rate, albeit they might increase the risk of oscillation of the ESO's output [22] . As shown in Figure 7a , β 01 , β 02 too small (β 01 = 10, β 02 = 100) system will diverge, β 01 , β 02 too large (β 01 = 10,000, β 02 = 100,000) control effect will decline, while prolonging the simulation time. As shown in Figure 7b , β 03 = 1000, β 04 = 20,000, it will have a better effect. The effect of wind velocity variation on the inertia time constant of SCESS-DFIG has been discussed in Section 2. It is suggested that different wind speed changes have different effects on the inertia response, some are beneficial and some are harmful. When the supercapacitor energy storage system is added to provide the system inertia response power and stabilize the wind energy fluctuation, the influence of wind speed variation on SCESS-DFIG can be eliminated. However, the capacity of the supercapacitor energy storage system should be restricted to an appropriate value, as well as the capacities for GSC of DFIG. Therefore, a power control strategy was developed to coordinate the SCESS-DFIG rotor kinetic energy and the supercapacitor energy storage in this section. The enhancement of SCESS-DFIG inertia response ability was also presented by hierarchically controlling of the varying wind energy.
As shown in Figure 8 when the frequency of the power grid changes, there is a disturbance to the input power of the wind turbine caused by wind speed changes. P e0 is the initial electric power of the inertia response. With using ESO-A to estimate the input mechanical power of DFIG, one hierarchical control of the output electric power of the generator was adopted which functioning as a wind speed filter, to eliminate the influence of wind speed variation on the frequency inertia response of the power grid, including underdamping and overdamping responses. The SCESS-DFIG will enter into the inertia response mode when the overlimit of the power grid frequency change has been detected. The difference between the estimated value of DFIG input mechanical powerP SD_M and the output electric power of generator P e is ∆P med . Assume a wind speed and frequency trend determination coefficient as K ten , whose definition is
By judging the value of K ten , the relationship between ∆P med and the frequency change trend of the power grid can be determined, and the energy introduced by wind speed change can be determined as damping or underdamping.
Taking Figure 8 as an example to further illustrate the idea of the hierarchical control at sudden rises or falls of wind speed. In the following analysis the falls of the power grid frequency were assumed.
(1) Sudden rise of wind speed: It can be assumed that the wind speed increases to V 2 from V 0 in the preliminary stage. As a result, the input mechanical power of the wind turbine also changes from point O to A, with the power value suddenly increases to P m2 , which is greater than the output power P e0 of SCESS-DFIG at the initial moment of inertia response of the generator.
In this case the determination coefficient K ten < 0, which indicating that the wind speed change has brought beneficial energy for damping the grid frequency change. However, if the wind speed rises too fast or the amplitude is too high, the overdamping power will be introduced, which will still affect the inertia response. Therefore, the output power of the generator must be limited. As shown in Equation (33), with the inertia response power estimated by the ESO-B in the GSC, the total power P e2 of the DFIG stator and RSC at any time t 2 can be limited coordinately
, P e2 < P e0 P et2 = P e2 , P e0 < P e2 < P e0 + ∆P SD_s P et2 = P e0 + ∆P SD_s , P e2 > P e0 + ∆P SD_s ,
where P e2 is the output power of DFIG while maintaining MPPT control. In short, when K ten < 0, the minimum output power of DFIG is P e0 and the maximum output power is the sum of P e0 and the estimate value ∆P SD_s . Due to the power difference P med2 between mechanical power and output electric power of DFIG, its mechanical power input gradually changes from point A to B (the maximum mechanical power input of DFIG P m21 = P e2opt ). Finally, the mechanical input power P m22 of point C is equal to the output electric power P e2 of the generator, the input and output power balance are achieved and the rotor speed of the generator will no longer increase. As a result of the control, the output electric power will eventually be equal to the input mechanical power of the wind turbine, and the rotor speed will not be greater than the maximum speed of ω rmax .
(2) Sudden drop of wind speed: When the inertia response occurs, if the wind speed drops from V 0 to V 1 , the mechanical input power of DFIG decreases to P m1 . In order to eliminate the influence of wind speed, the DFIG output electric power is controlled to be P e0 . Owing to the existence of power difference -∆P med1 , the rotor speed gradually decreased to ω r1 . In order to ensure that the rotor speed is not lower than the minimum speed ω rmin , it is necessary to use the ESO-A to estimate the mechanical input powerP SD_M and to limit the output electric power P e . The generator inertia response time is T J .
Assuming at a time t 1 , the mechanical power estimation value isP SD_M , the rotor speed is ω rt1 and P et1 is MPPT power at time t 1 , then the electric power output P et1 is
Therefore, when the wind speed drops, the power curve of the output electric power will be controlled along the V 1 wind speed. When the input mechanical power reaches E point, the output electric power will also be reduced to E point, so as to maintain the rotor speed.
Frequency Variation Inertia Response Control Strategy of SCESS-DFIG Power Grid Considering Wind Speed Change
The above content described the electric power control of the DFIG at wind speed variations for reducing the speed variation influence on the grid frequency responses. Furthermore, the power grid frequency inertia response control strategy of SCESS-DFIG at varying wind speeds was designed based on the establishment of ESO-A and ESO-B. As shown in Figure 9 , the control strategy can be divided into three parts, including the control strategies of the GSC, of the RSC, and of the DC converter respectively.
(1) The Control Strategy of the GSC:
In the process of grid frequency inertia response control, the original control strategy of stabilizing DC bus voltage of the GSC is maintained. In the system, the grid voltages u ga , u gb , u gc are directly sampled from the voltage sensors of the GSC, and the grid angular velocity ω g can be obtained through the phase-locked loop (PLL) calculation. The power grid frequency f g corresponding to ω g is used as one input of the ESO-B, which outputs the estimated per-unit value of the inertia response power ∆P SD_spu of the wind turbine. The estimated power ∆P SD_s , which is the product of ∆P SD_spu and the DFIG rated capacity S N , will be used in the control of the RSC and DC converter. ∆f g is the difference between the power frequency f g and the rated frequency f n , which is used as the enable signal to control the SCESS-DFIG power grid frequency inertia response.
where K f is the starting position of the frequency inertia response of the SCESS-DFIG power grid.
(2) The Control Strategy of RSC:
The sum of stator active power P es and rotor-side active power P DFIG_SCr are inputs of the ESO-A. Based on the sampling of the voltages and currents by sensors of DFIG, including the rotor-side voltage u ra , u rb , u rc and current i ra , i rb , i rc , stator-side voltage u sa , u sb , u sc and current i sa , i sb , i sc , the total active power of the DFIG can be calculated through the d-q coordinate transformation as P e = P es + P DFIG_scr = i sd u sd + i sq u sq + i rd u rd + i rq u rq ,
ESO-A generates the estimated input mechanical power valueP SD_M of the DFIG. When K f = 1, the relationship between the change of wind speed and the change of the power grid frequency is determined by K ten . When K ten < 0, the MPPT is kept to control the DFIG. The maximum electric power limit of the generator is set as the sum of the initial electric power P e0 and the estimated power ∆P SD_s from the GSC. When K ten > 0, the DFIG exits the MPPT control, with its output electric power is maintained as P e0 . The specific control method has been outlined in Section 4.1. The DC converter realizes the energy exchange between the supercapacitor energy storage and the DC bus of the DFIG rotor side back-to-back PWM converter. Since the power of the RSC is controlled by the output electric power instructions, the control goal of the GSC is to stabilize the DC bus voltage. Therefore, the output power of the DC converter can be exchanges with the power of the GSC, and also the output power P SCESS-DFIG of SCESS-DFIG can be exchanged. The power of the DC converter P SC_t1 can be obtained from the initial output electric power P e0 , the DFIG output electric power P et1 at the time t1, and the GSC ESO-B estimated inertia response power ∆P SD_s , as shown in
In the control process, the voltage value Vsc of the DC converter is obtained by sampling the voltage of the supercapacitor, and it is used to calculate the working current i * sc . The instantaneous working current i sc from the current sensor is used as the current loop control feedback. Then the duty cycle d can be obtained in PI control, which is used as the given control signal of the DC converter.
Through the coordinated control of GSC, RSC, and the DC converter, the SCESS-DFIG can provide stable and controllable damping power when the power grid frequency changes. 
Simulation Studies
In order to verify the effectiveness of the control strategy proposed in this paper, one simulation model of the SCESS-DFIG grid consisting of wind turbine, DFIG, RSC, GSC, DC/DC converter, and supercapacitor models was constructed in MATLAB/Simulink (2014b, The MathWorks, Natick, MA, USA). The system structure and electrical parameters are shown in Figure 10 and Table A1 (Appendix A) respectively. The simulation model includes three SCESS-DFIG with the same electrical parameters, and one synchronous generator (SG), load L1 and load L2, used to verify the inertia response control strategy with the parameters being shown in Table A2 (Appendix A). Concretely, the rated power of one SCESS-DFIG is 2.5 MW, the capacity of the synchronous generator SG is 50 MW, the capacity of load L1 is 10 MW, and the capacity of L2 which is a shock load is 3 MW. The wind speed curves for the simulation inputs are shown in Figure 11 , which are the compounds of the basic wind speed models as basic wind, gust, gradual wind, and stochastic wind. The initial values and the wind speed variations for each SCESS-DFIG are different. Concretely, for no. 1 SCESS-DFIG, the input wind speed drops abruptly at 1 s and rises at 3 s; for no. 2 SCESS-DFIG, the input wind speed is reciprocating wave; and for no. 3 SCESS-DFIG, the input wind speed curve has a stable start and a continuous rising change. The initial simulation conditions include: the load L1 is connected in the system; the DFIG runs in MPPT mode, and the grid frequency is kept at 50 Hz. At the time of 1 s, the frequency of the power grid system falls when the shock load L2 is added. Figure 11 gives the frequency response curves of the power grid system under four different control strategies, they are: 1 No inertia response; 2 Inertia response control without taking into account the wind speed variation; 3 Supercapacitor inertia response control; and 4 Inertia response control based on DFIG and supercapacitor. The simulation result shows, the grid frequency falls of the control strategy 3 and control strategy 4 are lower than those of the strategy 1 and 2 , and the frequency recovery is more stable. That is to say, without the inertia response control adopted, or with the inertia response control but without taking the wind speed variation into account, the frequency drop amplitude of the power grid will be much larger, and much easier to be affected by the wind speed change. Figure 12 shows the comparison of the frequency inertia response power under different control strategies. It also suggests that, without the inertia response control adopted, or with the inertia response control but without taking the wind speed variation into account, the total output power of wind farm will be strongly affected by the wind speed change, and the output power of wind farm cannot be as stable as that of a synchronous generator. Combining the results in Figure 11 , it can be concluded that the use of the supercapacitor to provide frequency inertia response power alone, or together with DFIG, the stability of the power grid can be improved by providing a controlled and stable power output similar to the synchronous generator.
Combined with Figures 12-14 , it can be seen that control strategy 1 is that SCESS-DFIG does not have the frequency inertia response control of power grid. After sudden loading, the frequency change rate of power grid is the largest in four kinds of control strategy, and the frequency drop amplitude is also the largest. At the same time, in order to overcome the wind speed change for SCESS-DFIG output power reduction, SG needs to continuously increase the output power. In contrast, the control strategy 2 SCESS-DFIG has the inertia response control, so the change rate of the power grid is less than the control strategy 1 frequency change rate, but due to the wind speed changes, SCESS-DFIG output power is reduced, which makes the SG needs to continuously increase power to maintain the power grid frequency. Control strategy 3 and control strategy 4 consider the influence of wind speed variation on the inertia response. The simulation results show that the frequency change rate of the power grid is much slower than that of the former, while the frequency drop is less. Because SCESS-DFIG itself eliminates the influence of wind speed change, the synchronous generator no longer needs to compensate for the power change of the wind turbines in the frequency inertia response of the power grid. In Figure 14 , S 0 is the output power of SG to eliminate the influence of wind speed fluctuation. With the further increase of wind permeability, S 0 will increase with the wind speed change, which is harmful to the effective capacity of synchronous generators. Therefore, the control strategies 3 and 4 consider the wind speed change, eliminating the wind speed influence by SCESS-DFIG is very necessary. Figure 15 shows a comparison of the inertia response power of a single SCESS-DFIG with different wind speeds. The powers of the DFIG and the supercapacitor energy storage are controlled cooperatively, with the wind speed change being taken into account. The output power curve can restrain the power fluctuation caused by wind speed changes in the inertia response process, and the SCESS-DFIG can provide stable and controllable inertia response power, with MPPT control unadopted in the frequency inertia response process. It can also be noticed that, at the ending time of the inertia response-9 s-in order to restore the MPPT control, the control strategy 3 and the control strategy 4 will cause different SCESS-DFIG output electric power. From Figure 16a , it can be observed that the estimated input mechanical power at the initial stage of frequency inertia response is less than the electronic output power P e01 . This is mainly due to the sudden drop in wind speed and wind speed changes to the power grid frequency inertia response to introduce an underdamping energy. At this point
output power is P e1 = P et1_mppt . Within the AB region, SCESS-DFIG applied control strategy 4 to release the rotor kinetic energy, so the DFIG output power is higher than the DFIG output power of the control strategy 3 (S 3 ). In the BC region, with the wind speed increasing, the DFIG input mechanical power increases, K ten < 0, P e1 = P e0 + ∆P SD_s . As shown in It is obvious from Figure 20a that in the AB region, the supercapacitor energy storage device with control strategy 4 has a lower output power. In the BC region, the supercapacitor energy storage device does not require power regulation (P sc = 0, P sc_w = 0). As shown in Figure 21a , the supercapacitor voltage using control strategy 4 is 446.4.7 V in the end, which is greater than the value 402.7 V when the supercapacitor is the sole source to provide the frequency inertia response power. Figure 22a , due to the release of the kinetic energy of the rotor, in the AB region, the application of control strategy 4 DFIG rotor speed gradually decreased. Because of the speed protection in the control strategy 4 , the rotor speed is higher than 110 rad/s. It is shown from Figure 16b that, in the process of power grid frequency inertia response, the kinetic energy of the rotor is released by using the control strategy 4 . This provides a part of the inertia response power while stabilizing the wind speed change. Therefore, as shown in Figure 22b , the speed of DFIG decreases faster than the DIFG speed of control strategy 3 . When the wind speed rises, the DFIG input mechanical power estimate is higher than the P e02 , the DFIG output power is P e2 = P e02 + ∆P SD_s , at this time the supercapacitor energy storage device does not have the power flow (P sc = 0, P sc_w = 0). Under control strategy 3 , the DFIG is affected by wind speed, the output power is increased, the supercapacitor energy storage device in DE region output power (S 5 ), in the EF region absorption power (S 6 ), which resulted in additional energy loss, while increasing the demand for supercapacitance capacity.
As shown in Figure 16c , the wind speed drops, the DFIG output power is P e3 = P e3_mppt , at this time the supercapacitor energy storage device through the power control makes the SCESS-DFIG have the inertia response ability. As shown in Figure 20c , when the wind speed rises, the supercapacitor energy storage device power of control strategy 3 and control strategy 4 is compared, because SCESS-DFIG in control strategy 3 has no stratification control of wind speed change. The maximum absorption power of the supercapacitor energy storage device is 700 kW, which has reached the capacity limit of the converter. If the wind speed rises more violently, the power of the supercapacitor will be bigger, which is unfavorable to the capacity design of the DC converter and the grid side converter (GSC). SCESS-DFIG using control strategy 4 does not have such a problem. Figure 23 is the input mechanical power comparison of SCESS-DFIG under different control strategies and the input mechanical power estimation of ESO-A. As shown in Figure 23 , the ESO-A estimates the input mechanical power is effective and can be used as a control variable for the SCESS-DFIG rotor side converter. 
Conclusions
In the grid frequency inertia responses, the influence of wind speed variations on the output power of DFIG was taken into consideration, and one SCESS-DFIG topology and its principle of adjusting the output power was analyzed. The inertia time constant of SCESS-DFIG containing the influence of the wind speed variations was defined. An ESO-A was established to accurately estimate the input mechanical power of DFIG, so was an ESO-B to estimate the power for the grid frequency inertia response. The inertia response control strategy of SCESS-DFIG was designed based on the energy stratification control for wind speed change. The simulation model of SCESS-DFIG and synchronous generator was built in MATLAB/Simulink, which verified that the control strategy proposed in this paper is applicable to different variation trends of the wind speed. With the effect of wind speed changes on the output electric power of DFIG was effectively utilized, the inertia response power provided by a supercapacitor can be effectively reduced and the stability of frequency inertia response of the SCESS-DFIG power grid can be greatly improved.
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Appendix A
